In the present paper, the possibility of occurrence of HDDR (hydrogenation disproportionation desorption recombination) phenomena were studied in an Au-2 mass%Mg alloy. Cathodic hydrogen-charging at R.T. in the alloy resulted in causing disproportionation reaction which formed MgH 2 embedded in an Au matrix. After the heat-treatment in vacuum for 4 h at 500 C, MgH 2 decomposed into Mg and hydrogen. Mg resolved into Au matrix phase again. The original Au-Mg solid-solution alloys with size of 20-100 nm fine grains were obtained. This is the first observation of occurrence of HDDR phenomena in the Au-Mg alloys. The HDDR treated sample shows the slightly higher hardness in comparing with those of as-quenched samples.
Introduction
Many electric devices are highly integrated and downsized by semiconductor technology. On the other hand, Au is popular material for wiring for semiconductors, because it has good oxidation resistances, high electrical conductivity and good workability. Therefore, it is used for various appliances such as cell phones, printed circuit boards, and so on. At the same time, from the view point of cost reduction and improvement of bonding, thinner wire with high strength is required. In general, Au based-alloys are strengthened by using conventional mechanisms such as solid-solution hardening with addition of Ca or Pd 1) and grain size refinements obtained by work hardening and strain. 2, 3) Among those techniques, grain-size refinement is better way to obtain both properties of strength and ductility.
As grain-size refinement techniques, Accumulative RollBonding (ARB) process, 4) Equal Channel Angular Pressing (ECAP) 5) and High-Pressure Torsion (HPT) 6) are well known. However, refinements of grain size with these methods are accompanied by strain and dislocations in alloys. Therefore it is difficult to keep material's ductility and strength. HDDR (Hydrogenation Disproportination Desorption Recombination) treatment is one of the better candidates for the techniques in refining grain-size without strain compared with above method. It also has an advantage in terms of making fine grains after process 1-3) mentioned above. It has been reported that HDDR treatment is effective for obtaining fine grains in Nd-Fe-B permanent magnetic alloys 7) and Ti based alloys such as Ti-6Al-4V alloy. 8, 9) We have reported that HDDR treatment is also useful technique for the grain-size refinement in Mg-based solid-solution alloys (AZ91, AZ61, AZ31 and ZK60). [10] [11] [12] [13] The grain size of these alloys were refined to around 0.1 mm through HDDR treatment. In addition, we have reported HDDR phenomena occurred in Al-7.8 mass%Mg alloy, 14) which consists of mainly Al constituent whose affinity with hydrogen is poor. HDDR phenomena may take place in the alloys which contain some amounts of the elements with strong affinity with hydrogen such as Mg, although the alloys are mostly consist of the elements with poor affinity for hydrogen. Although Au has low affinity for hydrogen, the alloys have possibilities of occurrence of HDDR phenomenon since Au-Mg alloys contain Mg which has strong affinity with hydrogen. Then the purpose of this study is to inevestigate possibilities of occurrence of the HDDR phenomenon and then mechanical and electrical properties in relation with microstructural changes for the Au-Mg alloys.
Experimental Procedures
In Au-Mg alloys, solid-solution limit of Mg in Au is up to 2 mass%. 15 ) So, we selected Au-2 mass%Mg alloy for the present study. Mg (3Nup) and Au (3Nup) were used as raw materials. Then samples were prepared by melt-spining. Sample was cleaned by ultrasonic in the acetone and spotwelded to Pt electrode. Then cathodic hydrogen-charging was carried out as hydrogen-treatment using a 0.1N H 2 SO 4 solution with 0.25 mg of As 2 O 3 per liter as a hydrogen recombination inhibitor. Pt plate was used for anode electrode. The current density of cathodic hydrogen-charging and charging time was 10 mAcm À2 and 24 h, respectively. After cathodic hydrogen-charging, the sample was heated in vacuum for 4 h at temperature in the range of 450-550 C as dehydrogenation treatment.
The crystal structures of alloys were characterized by Xray diffraction (RINT-2400: Rigaku). The lattice constant was calculated from XRD patterns by least-square method. The standard specimen was not used. Microstructural observations were performed by transmission electron microscopy (JEM-2100: JEOL) at 200 kV. The electrical resistance of samples were mesured by the standard fourterminal method at R.T. Mechanical properties were mesured by Nano-indentation (JSPM-5200: JEOL, TriboScope: HYSITRON). Nano indentation was performed using a Berkovich-typed diamond indenter. The testing load was 500 mN and 1000 mN. The loading and unloading rates were 100 mN/s. Figure 1 shows the XRD patterns of the Au-2 mass%Mg as-quenched alloy and pure Au. Both samples consisted of single fcc phase. The lattice constant of Au-2 mass%Mg was 0.4073 nm (cf. Au: 0.4079 nm;JCPDS card). Since the atomic radius of Mg (0.16 nm) is larger than that of Au (0.17 nm), it was expected that the lattice constant of Au-Mg alloy would increase from that of pure Au. However, in this alloy the lattice constant of this Au-Mg alloy decreased from that of Au. It was reported that this is due to the existence of superlattice in the alloy, and these results show good agreement with these reported by Terasaki. Fig. 2(a) corresponds to single fcc phase, and the grain size was observed to be about 2-5 mm. Figure 3 shows X-ray diffraction patterns of Au-2 mass%Mg alloys before and after hydrogenation. The sample after hydrogenation only showed peaks corresponding to fcc phase. Table 1 shows the lattice constants of Au-2 mass%Mg alloys before and after hydrogenation. From this table, the lattice constant of the sample after hydrogenation was larger than that of the sample before hydrogenation. As noted previously, the lattice constant of Au-Mg alloy was smaller than that of Au. Therefore, the decrement of the lattice constant could be attributed to that some intermetallic compounds or precipitates may be formed from fcc matrix phase and decrement of Mg content in matrix occurred during hydrogenation. Figure 4 shows TEM micrographs of (a) bright and (b) dark field with (210) of MgH 2 for the sample after hydrogenation. Inset of Fig. 4(a) shows selected area diffraction, in which Au and MgH 2 were observed. Since the electron diffraction pattern of MgH 2 phase showed ring-shaped pattern. Figure 4(b) indicates that the MgH 2 isotropically distributed in Au matrix and the grain size of MgH 2 was about 10-50 nm. The result mentioned above could be attributed to disproportination reaction occured during Au-2 mass%Mg after cathodic hydrogen-charging 0.4076 (1) cathodic hydrogen-charging as expected from the changes of lattice parameter. Figure 5 shows X-ray diffraction patterns of Au-2 mass%Mg alloy after dehydrogenation in the temperature range of 450-550 C. From Fig. 5 , peaks corresponded to fcc phase were observed in all samples. Although the intensity ratio of dehydrogenated sample changed compared with that of as-quenched sample, in this study sample did not show a certain orientation, because the sample was prepared by meltspining. Table 2 shows lattice constants of Au-2 mass%Mg alloys after dehydrogenation in the temperature range of 450-550 C. The lattice constant of sample dehydrogenated at 500 C was almost the same as that of the sample before hydrogenation. This could be attributed to that MgH 2 was decomposed and resolved into Au matrix during dehydrogenation treatment at 500 C. Figure 6 shows TEM micrographs of the sample after dehydrogenated at (a) 450 C, (b) 500 C, and (c) 550 C, respectively. Inset of Fig. 6(a) shows the selected area diffraction (SAD) of the sample after dehydrogenation at 450 C, in which, the ring-shaped diffraction patterns were observed. That was attributed to the MgH 2 which was obtained in hydrogenated sample. It means MgH 2 undecomposed at 450 C. On the other hands, from the selected area diffraction (SAD) in Fig. 6(b) , the ring-shaped diffraction patterns of Au phase were observed without the diffraction from MgH 2 . The fine grains of 20-100 nm were observed as shown in dark-field image of Fig. 6(b) . It indicates that MgH 2 was decomposed at about 500 C and resolved into Au matrix phase. As a result, HDDR phenomena were observed in AuMg alloys. The diffraction pattern of the sample after dehydrogenation at 550 C included that of AuMg intermetallic compounds which are the equilibrium phase in the AuMg phase diagram, as shown in Fig. 6(c) . Therefore, It can be said that optimum temperature for dehydrogenation will be 500 C in vacuum. Figure 7 shows the Young's modulus, Hardness and Electrical resistivity of the sample as-quenched, heat-treated at 500 C in vacuum, and HDDR-treated at 450-550 C. The samples as-quenched and heat-treated in vacuum at 500 C without hydrogenation were prepared in taking account of the effects of heat treatment. From Fig. 7 , it was found that obtained Young's modulus did not depend upon the treatments. The hardness of heat-treated sample became smaller than that of as-quenched sample. This decrement is partially attributed to grain coarsening during heat treatment. Comparing DR-500 C sample with heat-treated sample, the hardness of DR-500 C sample was higher than that of heat- treated sample without hydrogenation, since it would be due to the grain refinements in DR-500 C sample as described above. In this study, the highest hardness of Au-2 mass%Mg alloy was observed in DR-550 sample (dehydrogenated at 550 C), this result partially might be attributed to formation and dispersion of intermetallic compounds in the matrix. Judging from even standard deviation of the alloy, it was found that the effect of HDDR treatment on the grain size refinement of Au-Mg alloy was observed. One of the reason for the large standard deviation would be that fine and coarse grain area existed simultaneously. There are no significant changes of the electrical resistivity for the HDDR-treatment samples.
Results and Discussions

Conclusions
(1) The Au-2 mass%Mg alloy was hydrogenated by cathodic hydrogen-charging, which causes the disproportination reaction in forming MgH 2 in Au matrix. By following the dehydrogenation treatment over 500 C, the recombination reaction occurs in which the MgH 2 decomposed and resolved in Au matrix. The occurrence of HDDR phenomena were confirmed in the alloy. ( 2) The HDDR treated sample shows the slightly higher hardness in comparing with those of as-quenched sample. There are no significant changes of the electrical resistivity in those samples. C-550 C.
